Abstract The focal intent of this study was to find out an alternative strategy for the antibiotic usage against bacterial infections. The quorum sensing inhibitory (QSI) activity of marine sponges collected from Palk Bay, India was evaluated against acyl homoserine lactone (AHL) mediated violacein production in Chromobacterium violaceum (ATCC 12472), CV026 and virulence gene expressions in clinical isolate Serratia marcescens PS1. Out of 29 marine sponges tested, the methanol extracts of Aphrocallistes bocagei (TS 8), Haliclona (Gellius) megastoma (TS 25) and Clathria atrasanguinea (TS 27) inhibited the AHL mediated violacein production in C. violaceum (ATCC 12472) and CV026. Further, these sponge extracts inhibited the AHL dependent prodigiosin pigment, virulence enzymes such as protease, hemolysin production and biofilm formation in S. marcescens PS1. However, these sponge extracts were not inhibitory to bacterial growth, which reveals the fact that the QSI activity of these extracts was not related to static or killing effects on bacteria. Based on the obtained results, it is envisaged that the marine sponges could pave the way to prevent quorum sensing (QS) mediated bacterial infections.
Introduction
Serratia marcescens is an opportunistic human pathogen causing infections including respiratory tract, urinary tract, meningitis, septicemia, pneumonia and wound infections by secreting a number of virulence factors capable of damaging human cells and tissues [6] . It shows high resistance against a wide range of b-lactam, aminoglycoside and fluoroquinolone antibiotics and thereby makes the antibiotic treatment become ineffective [25, 28] . Thus, the emergence of antibiotic resistance among bacterial pathogen necessitate the findings of alternative strategies to antibiotic treatment. The recent discoveries in the field of bacterial cell-cell communication system suggest an alternative treatment to conventional chemotherapy [1, 8] . It has been known well that in S. marcescens the quorum sensing (QS) regulates the expression of genes responsible for the production of prodigiosin pigment, virulence factors like hemolysin, proteases, chitinase, chloroperoxidase, multiple isozymes of alkaline phosphatase, the ability to swim, swarm and biofilm maturation [20, 21] .
Marine sponges are considered to be a rich depository of bioactive compounds with antibacterial, antifungal, antiviral, antifouling, anti-HIV, immunosuppressant and cytotoxic activities. Sponges like Haliclona, Petrosia and Discodermia are known to produce powerful anti-cancer and anti-inflammatory compounds [13, 18] . Similarly, Manoalide derivatives in the extract of marine sponge Luffariella variabilis have shown a strong quorum sensing inhibitory (QSI) activity and acted as a good antagonist against the QS systems of P. aeruginosa [23] . Although, the marine sponges are known for their bioactive potential, studies on its QSI properties remain scanty. Hence, the present investigation is aimed to study the effect of QSI activity of marine sponge extracts against the QS systems of C. violaceum and S. marcescens PS1.
Materials and Methods

Preparation of Sponge Extracts
A total of 29 different sponges found lying on the shore line of fisherman harbor, Palk Bay coastal area (latitude 9°45 0 N and longitude 79°3 0 E), Bay of Bengal, India were collected. The collected samples were washed thoroughly with sterile distilled water, shade dried and powdered. 10 g of powdered samples were suspended in 100 ml of methanol and the suspensions were kept on a shaker for overnight (O/N) at 150 rpm. The obtained crude extracts were weighed and stored at 4°C until further use. The sponges which showed potential QSI activity were identified by Zoological Survey of India, Port Blair, Andaman, India.
Bacterial Strains and Their Culture Conditions
In the present study C. violaceum (ATCC 12472), CV026 a mini-Tn5 mutant derived from C. violaceum (ATCC 31532) and clinical isolate S. marcescens PS1 were used. C. violaceum (ATCC 12472) and CV026 were used as marker strains. C. violaceum (ATCC 12472) is a wild type strain and has the ability to synthesize QS mediated violacein pigment by its own autoinducer known as N-hexanoyl homoserine lactone (C6-AHL); whereas, CV026 is unable to synthesis C6-AHL but respond to external source of AHL. This mutant strain was obtained as generous gift from Prof. Jo Handelsman, (University of Wisconsin, USA). S. marcescens PS1 used in this study is a clinical strain isolated from a patient with urinary tract infection and identified through 16S rRNA gene sequences (GenBank accession number: FJ584421). All the bacterial strains were allowed to grow aerobically in Luria-Bertani (LB) broth (Hi-Media, India) at their optimum temperature (30°C) to an OD 600nm = 1.2 and used for the further analysis. In each experiment, 1 % of O/N culture of respective test bacterial strains were added to the fresh LB medium (OD adjusted to 0.4 at 600 nm) and cultivated in the presence and absence of crude sponge extracts. After 18 h incubation, the cell free supernatants were obtained by centrifugation at 10,0009g for 10 min [1] and were subjected to further analysis.
Evaluation of QSI Efficiency of Sponge Extracts
Violacein Inhibition Assay
Totally, 29 different sponge extracts were screened against violacein production in C. violaceum (ATCC 12472) and CV026. In qualitative analysis, 1 % (10 ll) of O/N culture (OD adjusted to 0.4 at 600 nm) of C. violaceum (ATCC 12472) was added to the individual wells of 24 well micro titre plates (MTP) (Greiner Bio-One) containing 1 ml of LB broth without and with the test extracts at the final concentration of 7 mg/ml [4] . Based on QSI efficiency in qualitative analysis, three sponges such as TS8, TS25 and TS27 were selected to assess their inhibitory potential against AHL mediated violacein production in C. violaceum (ATCC 12472) using agar diffusion assay by following the method of McLean et al. [15] with slight modification. The agar plates were swabbed with C. violaceum (ATCC 12472) and the pieces of washed sponges were placed over the swabbed agar plates. The plates were incubated at room temperature for 24 h and observed for the presence of colourless zone around sponges. In quantitative analysis, CV026 along with pure C6-AHL (Sigma, USA) at the concentration of 1 lmol/ml was added in LB broth treated with selected sponge extracts (1.75, 3.5, 5.25 and 7 mg/ml) and the control set was maintained without addition of sponge extracts. The violacein pigment production in CV026 supernatant was quantified at OD 585nm [4] in UV-Vis spectrophotometer (HITACHI U-2800, Japan).
Biofilm Prevention Assay
In biofilm prevention assay, 10 ll of O/N culture of S. marcescens PS1 in above mentioned cell density was added to 1 ml of LB broth in the wells of 24 well MTP containing glass slides (1 9 1 cm) and supplemented with and without sponge extracts (7 mg/ml). Culture set up was incubated without agitation at 30°C for 18 h [27] . After the incubation, planktonic cells and spent media were discarded; adherent cells in glass slides were gently rinsed twice with deionized water (Millipore-Milli-Q). The biofilm was stained with 0.1 % acridine orange and 0.4 % crystal violet solutions for Confocal Laser Scanning Microscope (CLSM) and light microscopic analyses, respectively for 2 min. Further, the glass slides were rinsed twice with deionized water to remove the excess stain. The stained glass slides were observed at magnification of 209 under the CLSM (LSM 710, Carl Zesis, Germany) and 4009 under light microscope with an attached digital camera (Nikon Eclipse Ti 100).
Prodigiosin Inhibition Assay
The S. marcescens cells were harvested from 2 ml of both sponge extract treated (1.75-7 mg/ml) and untreated cultures by centrifugation at 10,0009g for 10 min. The prodigiosin pigment from the harvested cells was extracted in 1 ml of acidified ethanol (4 ml of 1 M HCl in 96 ml of ethanol). The amount of prodigiosin production was measured at OD 534nm [24] .
Azocasein Assay
Azocasein assay was carried out to estimate the total proteolytic activity of the S. marcescens PS1. 100 ll of sponge extracts treated (1.75-7 mg/ml) and untreated culture supernatant was added to 1 ml of 0.3 % azocasein (Sigma, USA) in 0.05 M Tris-HC1, 0.5 mM CaCl 2 (pH 7.5) and incubated at 30°C for 15 min. Reactions were stopped by adding 500 ll of trichloroacetic acid (l0 %), the precipitate was removed by centrifugation and absorbance of the clear supernatants was measured at OD 400nm [17] .
Hemolysin Assay
In hemolysin assay, the cell free supernatants (100 ll each) of both sponge extracts treated (1.75 and 7 mg/ml) and untreated cultures were supplemented with 900 ll of 2 % washed sheep erythrocytes containing 20 mM CaCl 2 , 10 mM Tris, and 160 mM NaCl at pH 7.4. The mixture was kept for 20 min in ice, centrifuged and the released hemoglobin in the supernatant was measured at OD 530nm . The results were expressed as percent lysis compared with the lysis of erythrocytes in distilled water [22] .
Growth Curve Assay
The effect of sponge extracts on cell proliferation was determined by monitoring the growth of C. violaceum (ATCC 12472) and S. marcescens PS1. Briefly, OD of O/N culture was adjusted as mentioned above and allowed to grow in 50 ml of LB medium in the presence and absence of sponge extracts (7 mg/ml). The cell growth was measured up to 24 h with 1 h interval at OD 600nm [1] .
Statistical Analysis
All the experiments were performed in triplicates to validate reproducibility and the p values were calculated statistically by Student's t test. Comparison analysis was performed for the tested sponge extracts used at every concentration.
Results
Interference of Violacein Production by Sponge Extracts
In violacein inhibition assay, out of 29 different sponges screened, only the extracts of TS8, TS25 and TS27 exhibited reduction in violacein production in C. violaceum (ATCC 12472) (Fig. 1A) . Further, in agar diffusion assay, the lack of violacein pigment of C. violaceum (ATCC 12472) around the above mentioned sponges indicated the inhibition of violacein production (Fig. 1B, a-c) , while in the negative control no such activity was observed (Fig. 1B, d) . Based on the morphological characters these potent sponges were identified as Aphrocallistes bocagei (TS8), Haliclona (Gellius) megastoma (TS25) and Clathria atrasanguinea (TS27). In quantitative analysis with CV026, these sponge extracts exhibited a concentration dependent decrease in violacein production with that of control. The extract of A. bocagei (1.75-7 mg/ml) showed a maximum of 72-87 % (p \ 0.005) decrease in violacein production. A substantial decrease was observed with H. megastoma and C. atrasanguinea extracts to the level of 29-75 % (p \ 0.005) and 5-46 % (p \ 0.025), respectively (Fig. 2) .
Effect of Sponge Extracts on Prodigiosin Production
In prodigiosin assay, the extract of C. atrasanguinea (1.75-7 mg/ml) effectively interfered with the QS system of S. marcescens PS1 and showed significant reduction in prodigiosin production to the level of 12-93 % (p \ 0.0005). Similarly, at the same concentrations the extracts of H. megastoma and A. bocagei also inhibited the pigment production to the level of 64-76 % (p \ 0.005) and 0-41 % (p \ 0.05), respectively (Fig. 3a) .
Inhibition of Protease Production
In protease assay, the extract of C. atrasanguinea (1.75-7 mg/ml) showed inhibition in protease production (p \ 0.0005) to the level of 60-93 %. Similarly, H. megastoma and A. bocagei showed gradual reduction in protease production to the level of 30-80 % (p \ 0.0005) and 19-72 % (p \ 0.005), respectively (Fig. 3b ).
Secreted Hemolysin Inhibitory Activity
A gradual increase in the viability of sheep erythrocytes was observed with sponge extracts at the concentrations of 1.75 and 7 mg/ml. Reduction in the sheep erythrocyte lysis in the presence of sponge extracts were compared with that of 100 % distilled water lysis. A significant (p \ 0.005) reduction of 39-47 % was observed in S. marcescens PS1 with the sponge extract A. bocagei. Further, a considerable reduction in hemolysin production was observed with the extracts of C. atrasanguinea and H. megastoma to the level of 3-21 % (p \ 0.10) and 0-22 % (p \ 0.10), respectively (Fig. 3c) .
Biofilm Inhibitory Activity
The impact of sponge extracts against the biofilm forming ability of S. marcescens PS1 was assessed through light microscopic and CLSM image analyses. In light microscopic analysis, a visible reduction in the biofilm formation of S. marcescens was observed as shown in Fig. 4b -d when treated with sponge extracts such as A. bocagei, H. megastoma and C. atrasanguinea with that of untreated control (Fig. 4a) . Further, in CLSM analysis all the three sponge extracts showed reduction in the thickness of the biofilm as shown in Fig. 4f -h with that of untreated control (Fig. 4e) . 
Growth Inhibition Analysis
In growth inhibition analysis, the bacterial cultures treated with the sponge extracts at the tested concentration of 7 mg/ml did not show any significant variation in the cell density of C. violaceum and S. marcescens with that of controls (Fig. 5a, b) . These results confirmed that the inhibition of QS dependent phenotypic expressions in C. violaceum and S. marcescens by sponge extracts were not due to antibiotic activity, but due to QSI activity.
Discussion
QS signals play an important role in the interaction between bacteria and their eukaryotic hosts. Eukaryotes can detect and respond to the bacterial QS signals [2, 26] . Several potential QS inhibitor compounds have been discovered from eukaryotic and prokaryotic origin, which includes metabolites like halogenated furanones from Australian macroalgae Delisea pulchra [14] , AHL degrading enzymes such as lactonase from Bacillus sp. [7] , lactonase and acylase from actinobacteria, a, b and c proteobacteria [9] and other unknown compounds from edible plants and fruits [16] , garlic [5] , Laminaria digitata [3] , Ahnfeltiopsis flabelliformis [12] , Coral associated bacterial extracts [27] and Bacillus sp. SS4 [17] that are known to interfere with AHL molecules mediated QS.
Out of 29 sponge extracts tested, three sponges such as A. bocagei, H. megastoma and C. atrasanguinea showed potential QSI activity against violacein production in both C. violaceum (ATCC 12472) and CV026 (Figs. 1, 2) . Results obtained in the present study are comparable with the previous work performed with the extracts of Vanilla planifolia [4] and unknown compounds obtained from essential oils [11] . Hence, these three sponge extracts such as A. bocagei, H. megastoma and C. atrasanguinea alone were further subjected to evaluate their QSI activity against QS mediated phenomena in clinical strain S. marcescens PS1.
Earlier studies with S. marcescens reveals that C4-AHL (N-butanoyl homoserine lactone) regulates the expression of phenotypic characters such as prodigiosin, protease, biofilm formation, while, C6-AHL regulates the hemolysin production [21] . Prodigiosin is a reddish pigment otherwise known as 2-methyl-3-pentyl-6-methoxyprodiginine [24] . The protease is believed to play a major role in human infections [21] . Similarly, hemolysin is a well characterized Fig. 3 Effect of sponge extracts on C4-AHL mediated phenotypic characters such as prodigiosin, protease and C6-AHL dependent hemolysin production of S. marcescens PS1 a Prodigiosin production is expressed as OD at 534 nm after incubation with acidified ethanol solution, b Inhibition of protease--total proteolytic activity is expressed as the decrease in OD at 400 nm per microgram of protein, c Inhibition of hemolysis is expressed as percent lysis compared with the lysis of erythrocytes in distilled water. All the assays are performed in triplicates. The data represent the mean value of three independent experiments. *** p B 0.0005, ** p B 0.01, * p B 0.10 indicates the statistical value of treated compared to control virulence factor and has the ability to lyse the red blood cells [22] . All the three tested sponge extracts significantly reduced the above mentioned QS mediated phenomena in S. marcescens PS1 as shown in Fig. 3a-c . The inhibition of prodigiosin, protease enzyme and hemolysin production by the sponge extracts observed in the present study falls in line with the previous studies with bacterial extracts [10, 19] .
Biofilms are high density, matrix-encapsulated populations attached to the surfaces [27] . The biofilm formation in S. marcescens is a major virulence factor which is controlled by QS system [20] . Biofilm has the ability to resist host immune response as well as conventional antibiotics. Hence, the control measures are required to prevent the biofilm formation [27] . In the present study, biofilm images revealed that the three sponge extracts effectively disturb the biofilm formation as shown in light microscopic (Fig. 4a-d) and CLSM (Fig. 4e-h) analyses.
Pertaining to the nature of QSI compounds, mostly it may be of either AHL degrading enzymes which degrade AHL molecules or the non-protein based compounds, which has the structural similarity with AHL and thereby acts as competitor. In the present study, since the test sponge extracts were made with methanol, the possibility of enzymatic degradation has been ruled out. Therefore, it is envisaged that the active principle exhibiting QSI activity might be an analogue of AHL molecule. However, it requires further purification and characterization to find out the active principle with the QS inhibitor activity. In conclusion, the reduction in QS controlled gene expressions and the end effect on virulence factors production without affecting the bacterial growth provided some insight into the potential of marine sponges as QS inhibitors. It is also envisaged that the QSI potential of these sponges could be used as anti-pathogenic drugs to combat with S. marcescens and other bacterial infections. 
